Abstract The arthropod head problem has puzzled zoologists for more than a century. The head of adult arthropods is a complex structure resulting from the modification, fusion and migration of an uncertain number of segments. In contrast, onychophorans, which are the probable sister group to the arthropods, have a rather simple head comprising three segments that are well defined during development, and give rise to the adult head with three pairs of appendages specialised for sensory and food capture/manipulative purposes. Based on the expression pattern of the anterior Hox genes labial, proboscipedia, Hox3 and Deformed, we show that the third of these onychophoran segments, bearing the slime papillae, can be correlated to the tritocerebrum, the most anterior Hoxexpressing arthropod segment. This implies that both the onychophoran antennae and jaws are derived from a more anterior, Hox-free region corresponding to the proto and deutocerebrum of arthropods. Our data provide molecular support for the proposal that the onychophoran head possesses a well-developed appendage that corresponds to the anterior, apparently appendage-less region of the arthropod head.
Introduction
Arthropods are classically segmented animals with much of their body organised into repeated units that appear early in development. They comprise the well-sclerotised Hexapoda, Crustacea, Myriapoda and Chelicerata. Their less sclerotised relatives, the Tardigrada and Onychophora are recognised as sister groups to the Arthropoda with the three phyla combined as the superphylum Panarthropoda (Dunn et al. 2009 ). There is a distinct tendency throughout the panarthropods for segments to be grouped into functional units called tagmata.
One important tagma is the head, and indeed the organisation of the head generates some of the most striking differences among the various arthropod groups. However, head segments are frequently fused and hard to
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distinguish, making it difficult to determine how the heads of different arthropods are related to one another. This dual conundrum-the segmental composition of various arthropod heads and how they are evolutionarily related to each otheris largely responsible for the famous "arthropod head problem" that has exercised arthropodologists for well over 100 years (Scholtz and Edgecombe 2006) . Whilst considerable agreement now exists about the composition of the postoral head region, the pre-oral region still remains contentious. The debate has been enlivened in recent years by the input of considerable new palaeontological and molecular data notably the expression patterns of anterior Hox genes (Damen et al. 1998; Telford and Thomas 1998; Hughes and Kaufman 2002; Janssen and Damen 2006; Scholtz and Edgecombe 2006 and references therein; Papillon and Telford 2007) . As a result, there is now general agreement that at least the mandibulate brain is divided into three major neuromeres; the protocerebrum, deutocerebrum and tritocerebrum (Scholtz and Edgecombe 2006) . The protocerebrum innervates the eyes, the deutocerebrum the first antennae and the tritocerebrum is, in insects and myriapods, without an obvious appendage, but bears the second antennae in crustaceans. It is generally agreed that insects and myriapods have lost their tritocerebral appendage independently.
One feature of the arthropod head remains highly controversial, and this concerns the nature of the labrum. The labrum is present in almost all extant adult arthropods, the principal exception being provided by the proboscisbearing pycnogonids. It is typically a small, lobe-like structure that lies in front of the mouth. The labrum has an interesting pattern of development that is strikingly similar in both chelicerates and mandibulates (Kimm and Prpic 2006) . In both clades, instances are known where the labrum anlage first appears as paired rudiments at the front of the embryo. These later move backwards and fuse to form the adult structure (Scholtz and Edgecombe 2006) . Given that this structure is fundamentally paired and that its rudiments express a number of appendage genes (Posnien et al. 2009 ), many workers have recently suggested that the labrum represents a fused pair of limbs. Furthermore, some have gone on to claim that despite its posterior position in the adult, the labrum represents a fundamentally anterior structure, whether or not it is appendiculate (Scholtz and Edgecombe 2006) .
Examination of the innervation of head appendages in Onychophora suggests that the onychophoran antenna, the so-called frontal appendage, may not be homologous to the mandibulate first antenna, but represents an appendiculate structure in a more anterior position (Mayer and Koch 2005; Strausfeld et al. 2006) . It was hypothesised that onychophoran antennae are homologous to the cryptic labrum of arthropods (Budd 2002) . Recently, it has been shown that both the onychophoran antennae, the labrum of some insects and the palps of polychaetes express the gene six3, which is a marker for the most anterior territory in animals (Patrick Steinmetz, Nico Posnien, Rolf Urbach, Joakim Eriksson, Roman Kostyuchenko, Carlo Brena, Michael Akam, Gregor Bucher, Detlev Arendt, personal communication) thus supporting homology between the labrum of insects and the antennae of onychophorans. The fact that the palps of annelids also express six3 might indicate a deeper homology of an anterior sensory region in bilaterians.
To test the serial homology of the head segments between onychophorans and arthropods, we have investigated the expression pattern of the anterior Hox genes, since the conserved anterior expression borders of these genes have proven to be exceptionally useful markers for homologising the head segments within arthropods.
Materials and methods

Collection, husbandry and staging
Female Euperipatoides kanangrensis Reid, 1996 were collected in Kanangra Boyd National Park, NSW, Australia 33°59′S 150°08′E. Females were kept in containers with dampened sphagnum moss at 13°C and were fed first instar locusts or crickets every second week. Dissected females contained embryos for at least 12 months after collection, with individual females harbouring 20-150 embryos at various stages of development. We used staging table as in Walker and Tait (2004) .
Fixation of embryos for in situ hybridisation and light microscopy Embryos were dissected from females and, after removal of the egg membranes, fixed in 4% formaldehyde in phosphate-buffered saline (PBS) overnight at 4°C. Fixed embryos were dehydrated in a graded series of methanol (25%, 50% and 75% in PBS with 0.1% Tween-20 for 10 min each) and stored in 100% methanol at −20°C.
Isolation of E. kanangrensis genes
We isolated fragments of genes from embryonic cDNA libraries and genomic DNA using degenerate primers: f o r w a r d C G G AT C C C T I G A R C T I G A R A A R G A , GGAATTCGARCTIGARAARGARTT, reverse, GCTCTA GACGICGRTTTTGRAACCA. These fragments were extended by nested PCR on cDNA library with gene specific and vector specific primers. The consensus of these gene sequences have Genbank accession nos.: Ek-labial, HM119223, Ek-proboscipedia, HM119226, Ek-Hox3, HM119225, Ek-Deformed, HM119224.
Orthology of Hox genes
The orthology assignment of the anterior Hox genes was based on phylogenetic analysis. See supplementary data in online resource.
In situ hybridisation
In situ hybridisation was carried out as described by Eriksson et al. (2009) .
Results and discussion
Expression of labial, proboscipedia, Hox3 and deformed
The limits of expression of labial (lab) and proboscipedia (pb) are very similar in stages II-IV (see Walker and Tait 2004 for staging) . The anterior expression border of both lies at the anterior of the slime papilla, the third segment (Fig. 1a, b) . The expression of lab is present in both neuroectoderm as well as in mesoderm and in the developing limb buds (Fig. 1a and online resources S1a, b, S2, S3). The expression in the limb buds is generally much weaker than in the neuroectoderm and is, Fig. 1 Expression of lab, pb, Hox3 and Dfd in Euperipatoides kanangrensis stage IV embryos. a lab expression extending posteriorly from the third segment, which bears the slime papilla appendage (Sp); lateral view, anterior is up. b pb expression, also extending posteriorly from the third segment; lateral view, anterior is up. c Hox3 expression starting in the posterior half of the third segment; ventro-lateral view, anterior is up. d Dfd expression starting in the fourth segment bearing the first walking leg (W); ventral view, anterior is up. E-F Hox3 expression in a stage II embryo showing that the expression extends all the way to the proctodeum (P). a-c are maximum projections from confocal microscopy stacks, d and f are false red colour images from a colourimetric stain imposed onto the same object photographed with UV-excited nuclear stain. The weak signal in A and B in the antennal and jaw segment is background, see S1-S4 for additional images. A antenna, J jaw, scale bar 300 μm therefore, sometimes difficult to detect with colourimetric staining (see online resource S3). However, it becomes evident with fluorescent in situ and analysed in a confocal microscope (Fig. 1a and online resource S1a). pb is restricted to deeper layers of ectoderm and mesoderm in the limb buds (Fig. 1b and online resources S1d, S4). (Note that the antennal segment contains a large coelomic cavity, which tends to attract non-specific staining. This can be seen as a weak signal in both Fig. 1a and Fig. 1b) .
The anterior expression border of Hox3 is also within the slime papilla segment, but expression is lacking in the most anterior part of this segment (Fig. 1c, e, f) . It is expressed in the limb rudiment of the slime papilla during stage III (Fig. 1e, f) , but is lacking from this limb bud during stage IV (Fig. 1c and online resources S1e, f). In more posterior segments, Hox3 is expressed in both neuroectoderm and limb buds (Fig. 1c and online resource S1 ). Hox3 is expressed in both basal ectoderm and mesoderm.
Deformed (Dfd) has its anterior expression border at the anterior of the segment of the first walking leg, the fourth segment (Fig. 1d) . The expression of Dfd is in the deeper layers, basal ectoderm and mesoderm of the limb buds and in the neuroectoderm (Fig. 1d) .
Expression of lab, pb, Hox3 and Dfd extend all the way to the proctodaeum (see Fig. 1e , f, for Hox3, and online resource S3 for lab).
Implication of anterior Hox expression for the homology of head segments
The anterior borders of expression of the Hox genes, lab, pb, Hox3 and Dfd, are widely conserved within each arthropod class, and thus provide a consistent reference to Fig. 2 Scheme showing a possible evolutionary scenario of the arthropod (here exemplified by an insect) and onychophoran lineage from a common ancestor. The correlated segments are colour coded The onychophoran/arthropod ancestor is shown as possessing a head composed of just one segmentwith a modified appendage. The two lines acquired a head tagma independently; the line leading to onychophorans retained the primary antenna whereas this function was taken over by the appendage of the deutocerebral/second segment in the arthropod linage. align head segments across the arthropods (Damen et al. 1998; Telford and Thomas 1998; Hughes and Kaufman 2002 and see additional references in online resource S5). The expression patterns of these same genes in onychophorans can thus be used to align head segments between onychophorans and arthropods. These alignments provide a criterion to infer the homology of segments.
Throughout the arthropods, the anterior expression border of Dfd generally demarcates the border between the intercalary and mandibular segments in Mandibulata, and between the pedipalp and first walking leg-bearing segment in the Chelicerata. In the Onychophora, this border lies between the slime papilla and first walking legbearing segment (Fig. 1d) . The anterior expression border Hox3 demarcates the border between the antenna and intercalary in mandibulates, and between chelicerae and pedipalp in chelicerates; in onychophorans, it lies within the slime papilla segment but does not reach the anterior border.
In the Mandibulata, the anterior limit of Hox gene expression, represented by both lab and pb, demarcates the border between the antennal and intercalary segment. In chelicerates, it demarcates the border between the chelicera and pedipalp segment. In onychophorans, this limit lies at the border between the jaw and slime papilla segments (Fig. 1a, b) , suggesting that the onychophoran jaw segment and everything anterior to it correspond to the anterior, non-Hox expressing part of the head in arthropods.
On the basis of these expression patterns, one can homologise the arthropod mandibular/first walking leg segment with the first walking leg segment of onychophorans; the intercalary/pedipalp arthropod segment with the onychophoran slime papilla segment; and the antenna/ chelicera arthropod segment with the onychophoran jaw segment.
The clear anterior Hox alignment possible between arthropods and onychophorans clarifies the identity of more anterior structures in the arthropod head. The onychophoran antennal segment clearly lies anterior to the jaw-bearing segment, which the Hox data suggest is homologous to the antennal/cheliceral segment of arthropods. Thus, these expression data support the previous morphological argument that the onychophoran antennal segment corresponds to a preantennal segment, the protocerebral segment, in arthropods that now lack an appendage on this segment (Eriksson et al. 2003) . Given the expression of the anterior marker six3 in the labrum of insects and the antenna of onychophorans (Patrick Steinmetz, Nico Posnien, Rolf Urbach, Joakim Eriksson, Roman Kostyuchenko, Carlo Brena, Michael Akam, Gregor Bucher, Detlev Arendt, personal communication) together with the present data, we suggest that the onychophoran antenna is homologous to the arthropod labrum. The reader should be aware of other views on the nature of the labrum that is not covered in this short communication. However, see the review by Scholtz and Edgecombe (2006) for an extensive discussion of the labrum problem.
Based on the data herein and fossil data (Ma et al. 2009 ), we suggest an evolutionary scenario for the head in arthropods, where an ancestral form with a head composed of one segment with a modified appendage gave rise to the heads of the present onychophoran and arthropod clades (Fig. 2) .
